The cyclic expression of pituitary gonadotropin-releasing hormone receptors (GnRHRs) may be an important checkpoint for leptin regulatory signals. Gonadotrope Lepr-null mice have reduced GnRHR levels, suggesting these receptors may be leptin targets. To determine if leptin stimulated GnRHR directly, primary pituitary cultures or pieces were exposed to 1 to 100 nM leptin. Leptin increased GnRHR protein levels and the percentages of gonadotropes that bound biotinylated analogs of gonadotropin-releasing hormone (bio-GnRH) but had no effect on Gnrhr messenger RNA (mRNA). An in silico analysis revealed three consensus Musashi (MSI) binding elements (MBEs) for this translational control protein in the 3 0 untranslated region (UTR) of Gnrhr mRNA. Several experiments determined that these Gnrhr mRNA MBE were active: (1) RNA electrophoretic mobility shift assay analyses showed that MSI1 specifically bound Gnrhr mRNA 3 0 -UTR; (2) RNA immunoprecipitation of pituitary fractions with MSI1 antibody pulled down a complex enriched in endogenous MSI protein and endogenous Gnrhr mRNA; and (3) fluorescence reporter assays showed that MSI1 repressed translation of the reporter coupled to the Gnrhr 3 0 -UTR. In vitro, leptin stimulation of pituitary pieces reduced Msi1 mRNA in female pituitaries, and leptin stimulation of pituitary cultures reduced MSI1 proteins selectively in gonadotropes identified by binding to bioGnRH. These findings show that leptin's direct stimulatory actions on gonadotrope GnRHR correlate with a direct inhibition of expression of the posttranscriptional regulator MSI1. We also show MSI1 interaction with the 3 0 -UTR of Gnrhr mRNA. These findings now open the door to future studies of leptin-modulated posttranscriptional pathways. (Endocrinology 159: 883-894, 2018) P ituitary gonadotropes in females are extremely dynamic. These cells are remodeled every cycle to support a preovulatory luteinizing hormone (LH) surge and a postovulatory rise in follicle-stimulating hormone (FSH) (1). For decades, researchers studied mechanisms underlying this remodeling, focusing on hormonal regulators and modulators that facilitate optimal gonadotrope function. The earliest studies identified the cyclic production of gonadotropin-releasing hormone receptors (GnRHRs) as a critical rate-limiting step (2, 3). With the use of radioreceptor assays, these studies showed that gonadotropes undergo an increase in receptor numbers early in diestrus I (metestrus) to reach a peak in late diestrus or the morning of proestrus. The increase in GnRHR precedes the increase in stores of gonadotropins needed for the surge activity (1). Just before the LH surge, GnRHR numbers fall
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The cyclicity of gonadotrope remodeling (which regulates pituitary responses to GnRH pulses) thus forms one of several regulatory steps by which reproduction can be slowed or delayed in response to environmental influences. For example, reproductive activity is permitted when nutrition is adequate. If energy stores are low, signals from the metabolome inform the brain, which directs the slowing of metabolism and reproduction. The adipokine leptin is a critically important metabolic informant (6-13) because serum levels of leptin reflect the adequacy of fat stores as well as nutritional status. It is well established that a rise in leptin stimulates metabolism and permits reproductive cyclicity only when energy stores are adequate. However, leptin receptors are expressed in many tissues and cell types throughout the body; the significance of each set of target sites for leptin action in the brain, pituitary, and gonads is still being explored. Pituitary gonadotropes are known to be leptin receptive (14) . However, the molecular mechanisms underlying the action of leptin on gonadotrope function are not well understood.
Leptin plays an important permissive role in regulating the populations of hypothalamic neurons that release GnRH (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) . Two laboratories have reported that restoration of leptin receptors (LEPRs) in the brain partially or completely restored fertility in mice lacking LEPR (Lepr-null) (26) (27) (28) . In contrast, selective restoration of LEPR in GnRH-target cells in the pituitary did not restore fertility, although FSH levels were elevated (29) . Thus, the role of leptin in directly regulating gonadotropes that respond to GnRH is somewhat controversial. Leptin has been shown to directly stimulate gonadotrope LH secretion (30, 31) . Our recent dual-labeling cytochemical studies revealed a cyclic expression of LEPR in female gonadotropes (14) , which correlates well with the timing of the rise in serum leptin (8) . We have also shown that a 24-hour fast that results in reduced serum leptin also results in reduced pituitary LH stores and reduced percentages of bio-GnRH-bound cells in rats (9) . As little as 100 pM of leptin treatment of 1 hour restores LH stores in fasting-depleted gonadotropes in vitro (9) . Collectively, this evidence points to the potential for direct regulatory influences of leptin on gonadotrope stores and responses to GnRH.
Recently, we determined that leptin signaling is critical for optimal gonadotrope function by selectively deleting the signaling domain of LEPR (containing the Janus kinase-binding site) in gonadotropes (14) . Gonadotrope Lepr-null (mutant) females showed a substantial delay in time to their first litter and had 50% fewer pups/litter. Mutant diestrous females also had reduced serum levels of LH (by 40%) and FSH (by 70%). The reduction in FSH was correlated with reduced expression of activin messenger RNA (mRNA). In addition, bio-GnRH binding was reduced in Lepr-null gonadotropes coexpressing LH or FSH. These specific reductions correlated well with reductions in GnRHR proteins detected by immunolabeling (14) . Thus, the ablation of the signaling domain of LEPR in gonadotropes clearly impaired or slowed reproduction. Loss of LEPR signaling was also shown to affect expression of two target gene products (activin b subunit mRNA and GnRHR proteins) that are known to be critical for optimal expression and secretion of gonadotropins. Inhibin a subunit mRNA levels were unaffected by the loss of LEPR in gonadotropes.
The current study builds upon our previous findings in several ways. First, it addresses the question of whether leptin stimulates the expression of GnRHR directly by evaluating the responses of pituitary cells to leptin in vitro. This study led to the second group of studies based on our discovery that leptin stimulated an increase in GnRHR proteins and GnRH binding, but not an increase in Gnrhr mRNA levels. An in silico analysis of Gnrhr mRNA untranslated regions (UTRs) identified three consensus-binding sites for the mRNA translational regulator Musashi (MSI) in the 3 0 -UTR of Gnrhr mRNA. Additional studies were performed to determine if these MSI-binding elements (MBEs) were active binding sites for MSI1 and whether leptin could regulate expression of MSI1 in pituitary gonadotropes. Collectively, our findings show that leptin directly stimulates GnRHR because it inhibits endogenous MSI1 expression specifically in gonadotropes. We also present RNA immunoprecipitation (IP) findings showing that endogenous MSI1 binds endogenous Gnrhr mRNA and that MSI1 represses Gnrhr 3 0 -UTR-controlled translation in an independent cellular system. This repression correlates well with the higher expression of MSI1 in Lepr-null gonadotropes that show GnRHR protein deficiency. Collectively, these studies suggest a potential posttranscriptional pathway for leptin regulation of GnRHR protein expression. We discuss how these findings open the door to future studies to fully define this pathway and how a posttranscriptional regulatory pathway might work to support gonadotropes' role as metabolic sensors.
Materials and Methods

Animal care
The Institutional Animal Care and Use Committee approved all animal care protocols. The 129P2 variant of the FVB strain was used to avoid the confounding influence of retinal degeneration in adult FVB/NJ mice. After weaning, experimental and control mice were housed four to five mice/cage. Stages of the estrous cycle were detected by vaginal smears, as reported previously (8, 14) . Females were used after they exhibited two normal estrous cycles. Mice were exposed to a 14-hour light/ 10-hour dark cycle, given food and water ad libitum, and fed the standard rodent chow (Rodent diet 8640; Harlan).
Production of gonadotrope Lepr-null mutant mice
Mice in which Lepr-exon 17 was deleted in gonadotropes were produced as described in our recent study (14) . The Crerecombinase was driven by LH-b (Lh-b cre) and was passed via the females because of known expression of this transgene in the testes. Our previous studies have validated this line by organ genotyping and a complete study of cyclicity and breeding. All mice in this study were 3 to 5 months of age.
Pituitary cell dispersion and leptin stimulation
The cell dispersion, culture, and leptin stimulation protocols have been described in previous studies (14) . A subset of experiments used pituitary pieces stimulated with leptin (1 to 100 nM) for 3 hours followed by extraction of proteins or mRNA as described previously (32) (33) (34) . We detected biotinylated analogs of D-Lys 6 -GnRH (bio-GnRH) in cultures grown for 24 hours with protocols described previously (9, 14) . 
Quantitative real-time polymerase chain reaction
Immunocytochemistry
Dispersed pituitary cells from wild-type mice were stimulated for 3 hours with leptin followed by exposure to bio-GnRH. The cells were fixed, and the bio-GnRH was identified cytochemically by avidin-biotin complex and nickel intensified diaminobenzidine (gray-black reaction). The cells were then dual-immunolabeled for MSI1 (Table 1) as detected by an orange-amber diaminobenzidine reaction product. Cell counts were focused on the cells labeled for bio-GnRH, which were scored positive or negative for MSI1 content. At least 100 GnRHbound cells were analyzed for each group.
Immunolabeling focused on MSI1 in this study because our ongoing analysis showed that only MSI1 (and not MSI2) was changed in the female mice bearing Lepr-null gonadotropes. Because this was a new immunolabeling protocol for the laboratory, we performed a complete set of method, sensitivity, and specificity controls for the MSI1 immunolabeling (Supplemental Fig. 1 ). We tested three sets of cells known to differentially express MSI1; these thus serve as biological controls. These included SH-SY5Y neuroblastoma tumor cells, which are known to produce MSI1 by Western analysis, and NIH 3T3 cells, which produce very little (if any) MSI1 based on Western analysis. The third set of cells was normal pituitary cells from wild-type mice grown in culture for 1 day.
Our tests of antibody efficiency (sensitivity) showed optimal labeling at 1:5000 of the anti-MSI1 antibody (30 minutes, 37°C) detected by 1:100 biotinylated goat antirabbit immunoglobulin G (IgG) and streptavidin horseradish peroxidase (each step, 30 minutes at room temperature). No labeling was seen in cultures with a 1:15,000 dilution of anti-MSI1. Labeling in the two cell lines was seen only after fixation in 4% paraformaldehyde, whereas anterior pituitary cells were successfully labeled after either paraformaldehyde or 1% glutaraldehyde fixation.
GnRHR enzyme immunoassay
Following dissection, whole pituitaries were immediately placed in radioimmunoprecipitation assay buffer (Sigma Aldrich, R0278) with 10 mL/mL protease inhibitor cocktail (Fisher Scientific, PI78425) on ice. Pituitaries were homogenized and incubated at 4°C overnight. The extracts were then centrifuged at 4°C at 14,000 rpm for 20 minutes. Supernatant was removed and stored at 220°C. Whole pituitary protein extracts were assayed for GnRHR protein content using an enzyme-linked immunosorbent assay (MyBiosource.com, MBS9311067). Electrophoretic mobility shift assay detection of MSI binding to Gnrhr mRNA 3 0 -UTR Glutathione S-transferase (GST) fusion proteins were in vitro transcribed/translated using TNT SP6-coupled Reticulocyte Lysate System (Promega) from pXen1 (for GST), or pXen plasmids encoding wild-type Msi1 or RNA-binding defective Msi1 (Msi1-bm), which have been described previously (35) . The entire 191-bp GnRHR 3 0 -UTR (RefSeq Accession NM_010323), which contains three consensus MBEs was PCR amplified from murine whole pituitary poly[A]+ RNA preparations after 3 0 RNA ligation to an oligonucleotide primer P1 (36) using primers to add a 5 0 EcoR1 and a 3 0 BamH1 and subcloned into EcoR1/BamH1 digested pGEM4z (Promega). Quikchange (Agilent) site-directed mutagenesis was used to sequentially disrupt all three MBEs (ATAGA to ATccA; GTTAGA to GTTccA; and GTTAGA to GTTccA, 5 0 to 3 0 respectively). A 5 0 biotin-labeled RNA oligonucleotide probe was synthesized by Integrated DNA Technologies corresponding to the last 90 nucleotides of the murine GnRHR 3 0 -UTR, which contains two of the consensus MBEs. An 80-fmol portion of labeled probe was incubated with 1 mL of reticulocyte lysate in binding buffer (50 mM Tris pH 7.5, 20 mM KCl, 150 mM NaCl, 2 mM EGTA, 0.05% NP-40, 6 mM DTT, 8U RNase OUT) (37) in a final volume of 20 mL. For competition assays, unlabeled competitor mRNA was transcribed in vitro and the indicated fold molar excess of unlabeled mRNA added to the binding reaction. The binding reaction was incubated at room temperature for 20 minutes and then 0.5 mL of 200 mg/mL heparin was added (to reduce nonspecific binding) and incubated for a further 20 minutes. A 5-mL volume of the binding reaction was run on a 6% DNA retardation gel (Invitrogen) and transferred to Biodyne B membranes (Pierce) according to the manufacturer's instructions. After ultraviolet crosslinking, biotinylated RNA was detected using Chemiluminescent Nucleic Acid Detection Module (Pierce) and an AlphaInnotech ChemiImager as previously described (35) .
RNA IP of endogenous MSI1-Gnrhr mRNA complexes
To confirm Gnrhr binding by MSI1 in the mouse, the Millipore Magna-RIP kit (Millipore Sigma, 17-700) was used to immunoprecipitate MSI1 protein. Briefly, six pituitaries from adult control (FVB) mixed-cycle females were pooled, washed, and lysed in a single tube. The sample was then equally split for (1) IP by MSI1 antibody (Abcam, ab52865) or (2) IP with a control rabbit IgG. Magnetic beads were preincubated with antibody, washed, and then incubated with the samples overnight. The protein was degraded, and RNA was precipitated and analyzed by qRT-PCR for Gnrhr mRNA content. Results are expressed as fold-enrichment compared with rabbit IgG control and are compared with our housekeeping transcript cyclophilin. MSI1 IP was confirmed by western blot (data not shown). The IP experiments were performed twice, and each qRT-PCR run was repeated.
Luciferase mRNA translation reporter assays were cotransfected with the pmiRGLO GnRHR UTR plasmid along with either MSI1-AA-eGFP, Msi1-bm-eGFP, or eGFP control plasmids as described previously (38, 39) . The MSI1-AA protein is mutated in two sites of regulatory phosphorylation that are necessary for derepression and translation of target mRNAs (40) . Consequently, the MSI1-AA exerts only repression. Expression of the MSI1-AA-eGFP, MSI-bm-eGFP, and eGFP proteins was confirmed by fluorescence microscopy. Luciferase activity was determined in quadruplicate after 24 hours, using the Dual-Luciferase Reporter Assay System (Promega) and Turner Biosystems luminometer (Promega) according to the supplier's protocol. Data are expressed as relative luciferase activity in arbitrary units. All experiments were repeated on three to eight separate occasions.
Statistics
At least five animals were used for each test, and in vitro tests were repeated three times. Cell counts and assay values were analyzed with Prism statistical software with analysis of variance (ANOVA) followed by Tukey or Bonferroni post hoc tests, as described previously (14, 33, 34) . When two groups were compared, the Student t test was run. A post hoc power analysis was done with counts of GnRHR-bearing cells in the pituitary culture. This analysis showed that a 1-nM treatment with leptin will stimulate an increase in percentages of biotinylatedGnRH-labeled cells from 16.6% (controls) to 24% (standard deviation, 3.6%). This increase has 99% statistical power with five replicates in a two-tailed, 0.05-level t test. If we compare results following stimulation with 1 and 100 nM leptin, the increase in number of GnRH-labeled cells (from 24% to 28%; standard deviation, 3.5%) will have 81% power with five replicates in a two-tailed 0.05-level t test.
Results
Leptin stimulates GnRHR protein levels
The first set of studies was performed on 1-day cultures or pituitary pieces (from wild-type males or diestrous females) to determine if leptin directly stimulates GnRHR levels. Specifically, we determined (1) if leptin stimulates an increase in GnRH binding by living gonadotropes and (2) if leptin stimulation increases total pituitary GnRHR protein levels. Figure 1A-1C shows that leptin stimulation for 3 hours resulted in a dose-dependent increase in cells that expressed GnRHR as identified by bio-GnRH binding in males and females. Analysis of dual labeling also showed a dose-dependent increase in cells expressing both LH and GnRHR (Fig. 1B-1D ). The changes in dual labeling are illustrated in micrographs in Fig. 2A and 2B .
When dual-labeled LH cells were analyzed further, diestrous females showed a significant increase in the proportion of LH cells that bound bio-GnRH following leptin stimulation (vehicle: 58% 6 3% of LH cells; 10 nM LEP: 70% 6 4%; or 100 nM LEP: 80% 6 2%; ANOVA, P = 0.0004). In control males, a higher percentage of LH cells expressed bio-GnRH binding in vehicle-treated cultures (78% 6 4%) and only 100 nM leptin resulted in a significant increase in percentages of LH cells with GnRHRs to 88% 6 2% (P = 0.03).
Parallel studies of leptin stimulation of pituitary pieces were used to obtain protein fractions that were assayed for GnRHR by enzyme immunoassay. Figure 2C shows a representative experiment that involved cells from both male and female mice. Leptin stimulated substantial increases in GnRHR proteins in both groups (Fig. 2C) , which correlated well with the cytochemical studies of bio-GnRH binding to living cells. Additional experiments also showed that 1 and 100 nM leptin stimulated GnRHR in females (data not shown). We also extracted RNA from additional pituitaries stimulated with vehicle or leptin and performed RT-PCR for Gnrhr mRNA. Figure 2D shows that 10 nM leptin did not affect levels of Gnrhr mRNA, which complements results from our previous studies that showed no changes in Gnrhr mRNA in the gonadotrope Lepr-null mice (14) .
In silico analysis of the Gnrhr mRNA 3 0 -UTR and evidence for MSI-dependent translational control
The data from this and our previous study (14) showed that GnRHR proteins were reduced in gonadotrope Lepr-null pituitaries. The current data now show that GnRHR proteins are increased following direct leptin stimulation in vitro (Fig. 2) . However, Gnrhr mRNA levels did not change either in gonadotrope Lepr-null mutant pituitaries (14) or following in vitro stimulation with 10 nM leptin (Fig. 2) . Collectively, these findings led us to hypothesize that the Gnrhr mRNA may be subject to translational control. Therefore, we subjected the Gnrhr mRNA to in silico analyses and determined that the 45-nucleotide murine Gnrhr mRNA 5 0 -UTR contains no oligopyrimidine tracts indicative of mTOR-mediated control. However, the 3 0 -UTR of murine Gnrhr mRNA contained three consensus MBEs of sequence (G/A)U 1-3 U (41). Figure 3A shows the map of murine Gnrhr mRNA 3 0 -UTR showing the MBE distribution.
Electrophoretic mobility shift assay (EMSA) RNAbinding studies were then run to determine if MSI1 interacted directly with the mGnrhr 3 0 -UTR. Figure 3B shows results with the use of biotinylated murine Gnrhr 3 0 -UTR incubated with unprogrammed rabbit reticulocyte lysate, the GST moiety alone, or GST fused to either an RNA-binding mutant MSI1 (GST MSI1-bm) or wild-type MSI1 (GST MSI1). Although the GST MSI1-expressing lysate was able to form a specific complex, neither the GST MSI1-bm or GST moiety alone was able to do so. We conclude that MSI1 interacts directly with the Gnrhr 3 0 -UTR. To determine if the MBEs in the Gnrhr 3 0 -UTR were necessary for MSI1 binding, a competition experiment was performed (Fig. 3C) . Increasing molar excess of unlabeled wild-type Gnrhr 3 0 -UTR progressively competed for binding to MSI1, with complete ablation of specific binding seen with 200-fold molar excess. The MSI1 interaction specifically required the MBEs as 200-fold molar excess of an MBE-disrupted Gnrhr 3 0 -UTR showed no attenuation of MSI1 interaction with the biotinylated Gnrhr 3 0 -UTR probe. Indeed, the level of complex formation in the presence of 200-fold excess MBE-disrupted Gnrhr 3 0 -UTR was indistinguishable from complex formation seen in the absence of competitor RNA (no competitor). Equivalent levels of GST and the GST fusion proteins, GST MSI1-bm and GST MSI1, were expressed in the reticulocyte lysates used for the EMSA reactions (Fig. 3D) . We conclude that MSI1 binds specifically to the Gnrhr 3 0 -UTR via one or more of the three identified MBEs.
Next we confirmed MSI1-Gnrhr association by immunoprecipitating a complex containing endogenous MSI1 proteins that was also enriched in endogenous Gnrhr mRNA (Fig. 3E) . Pituitaries from six females were lysed and split for IP with an anti-MSI1 antibody or control IgG (rabbit IgG). We found that the MSI1 antibody precipitates Gnrhr 17-fold as compared with the control To determine if the binding of MSI1 to the GnRHR 3 0 -UTR exerted translational control, we used a luciferase reporter assay in NIH3T3 cells. For this assay, the FLuc coding region was placed under the control of the GnRHR 3 0 -UTR. Whereas NIH3T3 cells do not express MSI1 (Supplemental Fig. 1C) , they are capable of reconstituting MSI1-dependent repression of target mRNAs upon transfection of ectopic MSI1 (41) . The MSI1-AA protein is mutated in two sites of regulatory phosphorylation that are necessary for derepression and translation of target mRNAs (40) . Consequently, the MSI1-AA exerts only repression (38) . In contrast with cells cotransfected with vehicle or a mutant MSI that is RNA-binding defective where FLuc was efficiently expressed (Fig. 3G) , translation of the FLuc reporter was repressed significantly (by 63%) in cells that were transfected with MSI1-AA (Fig. 3F) . Taken together, our data from this independent system indicate that MSI1 binds to MBEs within the murine GnRHR 3 0 -UTR and exert translational repression. Of note, the longer human GnRHR 3 0 -UTR (NM_001012763) has 19 putative MBEs and the shorter one (NM_000406) has 29 putative MBEs, suggesting that MSI may be a conserved regulator of Gnrhr mRNA translation.
Leptin regulation of expression of pituitary Msi1 mRNA
The foregoing showed that leptin regulated GnRHR proteins, and MSI1 bound Gnrhr mRNA and repressed translation of a reporter linked to the Gnrhr mRNA 3 0 -UTR. This supports the hypothesis that the MBEs in the Gnrhr 3 0 -UTR are active repressor sites. The next two sets of studies were designed to determine if leptin interacted in this pathway by altering expression of MSI in the pituitary and, most importantly, in pituitary gonadotropes. Figure 4 shows the results from qRT-PCR assays of mRNA from pituitary pieces from proestrous female mice, which were stimulated for 3 hours with 10 nM leptin. Leptin reduced Msi1 mRNA levels (Fig. 4A) . In parallel studies, we assayed Msi1 mRNA levels in control and gonadotrope Lepr-exon 17 null mutant pituitaries. Figure 4B shows that mutant proestrous females exhibit an increase in pituitary Msi1 mRNA levels. Taken together, these results indicate that leptin stimulation causes a rapid reduction in Msi1 mRNA expression. Conversely, in the absence of leptin Leptin stimulation of wild-type female pituitary pieces for 3 hours had no effect on expression of Gnrhr mRNA levels. *ANOVA, Fisher least significant difference test, P , 0.05. **P , 0.005; ***P , 0.0005; ****P , 0.0001. in which the MSI-bm mutant, which is disrupted for RNA binding, had no effect on translation of Gnrhr-3 0 -UTR (E: P = 0.5) Student t test with Welch correction. *P , 0.05; **P , 0.005; ***P , 0.0005; ****P , 0.0001. GST, lysates expressing GST alone; GST Msi, wild-type Musashi1; GST Msi bm, RNA-binding mutant Musashi1; GST-Msi, Musashi1; Msi-bm, RNA-binding mutant Msi; Mut, mutant; UP, unprogrammed rabbit reticulocyte lysate; WT, wild-type.
signaling, levels of Msi1 mRNA increase. Notably, mutant males showed no substantial change in Msi1 mRNA (Fig. 4C) .
Leptin regulation of expression of MSI proteins in pituitary gonadotropes
Because these changes in pituitary MSI1 reflect the net result of changes in all pituitary cells, we used a cytochemical approach to determine changes specific to gonadotropes. We analyzed the same cell populations stimulated with leptin (analyzed in Fig. 1 ). However, instead of dual labeling with LH, we substituted anti-MSI1. We then counted the number of cells labeled for bio-GnRH that also contained MSI1. The results shown in Fig. 5A -5B indicate that leptin caused a substantial reduction in the percentages of GnRH target cells with orange MSI labeling. Images taken of double-immunolabeled diestrous female pituitary cells can be seen in Fig. 5C . Note that vehicle control dual-labeled cells are intensely labeled black for bio-GnRH and orange for MSI1. However, in the field treated with 10 nM leptin for 3 hours, the bio-GnRH cells are devoid of orange labeling for MSI1. Yet, as shown in Fig. 2 , the black label for bio-GnRH is very strong in the presence of leptin, which reflects its stimulatory effect.
Discussion
The requirement for dynamic, cyclic changes in GnRHR in female gonadotropes makes this gene product a prime target for regulators that modulate the reproductive system, including the adipokine leptin. Our earliest reports of this cyclic expression in females showed that cells that bound bio-GnRH increased in number, reaching a peak on the morning of proestrus (4). Our more recent reports have shown that percentages of cells with bioGnRH binding are significantly reduced in rat gonadotropes that lack leptin signals after fasting (9) and in mice that have gonadotrope leptin receptors ablated (14) . Thus, GnRHR proteins or GnRH-binding sites appear to be a target for metabolic signaling. Whereas these findings are compelling, we also recognize that GnRHR levels are regulated by many factors, including by GnRH itself (42, 43) . Thus, the first objective of this study was to determine if leptin regulated GnRHR levels at the level of the pituitary.
In the present report, we tagged living gonadotropes with bio-GnRH and detected leptin-mediated changes in GnRH-bound cells from both males and females. We also showed that leptin stimulates a dose-dependent increase in GnRHR proteins in gonadotropes ( Figs. 1 and 2 ), especially in females, which matches that normally seen in the diestrous to proestrous transition (4, 5) . Also, as reported previously, gonadotropes from males and diestrous females have different expression levels of GnRHR, with higher basal levels of bio-GnRH binding in males (70% of LH cells) than in diestrous females (58% of LH cells). Lower levels of leptin were needed to bring the GnRH binding by diestrous female LH cells up to levels seen in the male. This differential sensitivity to leptin correlates well with our report that there are sex differences in the responses to the ablation of LEPR in gonadotropes (14) . Males have reduced GnRHR, but this reduction did not alter fertility. In contrast, the reduction in GnRHR in females is more severe, resulting in subfertility (14) and, in the case of more complete ablation of leptin signaling via conditional LEPR-exon 1 deletion, infertility (44) .
We also examined the direct effect of leptin on expression of Gnrhr mRNA and showed no changes in levels of this mRNA. This correlated well with our recent studies of the Lepr-null gonadotropes, which also showed no changes in Gnrhr mRNA when compared with control animals. These findings opened the door to a series of studies designed to test the hypothesis that leptin acts through candidates in a posttranscriptional pathway. The studies included an in silico analysis, which showed evidence for potential microRNA and MSI-binding sites in the 3 0 -UTR of Gnrhr mRNA. Focusing on MSI, we now report that MSI1 binds to the Gnrhr 3 0 -UTR through one or more consensus MBEs. This present report begins the characterization of MSI1 binding by showing evidence that it is active and modulated by leptin. At this time, we do not exclude additional posttranscriptional regulation of GnRHR levels involving other RNAbinding proteins and/or microRNAs. Future studies will be necessary to address contributions from such additional regulators.
The two MSI RNA-binding protein family members, Msi1 and Msi2, regulate both physiological and pathological stem/progenitor cell self-renewal (45) (46) (47) (48) (49) (50) (51) (52) (53) (54) (55) (56) (57) . The MSI1 and MSI2 proteins each contain two highly conserved N-terminal RNA recognition motifs, and recent crosslinking and functional studies indicate that they may regulate overlapping mRNA targets (58, 59) . Indeed, Msi1 and Msi2 have been shown to effectively substitute for each other in the control of Xenopus oocyte maturation, mammalian neuronal stem cell self-renewal, intestinal stem cell quiescence, and colorectal cancer (58) (59) (60) (61) (62) . MSI functions to oppose cell maturation in multiple cell types through repression of target mRNA translation (45, 46, 57) . In the present studies, Msi2 mRNA levels are unchanged in the female gonadotrope Lepr-null mutants and are not affected by leptin stimulation (data not shown), which is why we have focused on MSI1 here.
In the context of gonadotrope cyclic remodeling, we hypothesized that MSI1 may act to repress translation of the Gnrhr mRNA early in the cycle to prevent inappropriate gonadotrope responses to GnRH pulses. Whereas gonadotropes lacking GnRHR might not be considered "immature" per se, they are clearly functionally repressed during certain stages of the cycle. To begin to test this hypothesis, this phase of the study addressed the key questions: does MSI1 directly bind the Gnrhr mRNA? and are the MBEs active repressor sites? With respect to the first question, we tested binding of MSI1 to wild-type and mutated Gnrhr mRNA in vitro by RNA EMSA and determined that MSI1 does specifically interact with the MBEs in the Gnrhr mRNA. Interaction is competed by the wild-type, but not by the MBE mutant Gnrhr 3 0 -UTR. Additional support for endogenous MSI1 binding to endogenous Gnrhr mRNA in the pituitary was then seen in the findings from the RNA IP experiments that pulled down complexes enriched in endogenous MSI1 protein and endogenous Gnrhr mRNA from female mouse pituitary fractions. The Gnrhr mRNA was significantly enriched compared with control (normal rabbit IgG) IP samples, providing strong evidence for MSI1-Gnrhr binding in the mouse pituitary.
Finally, to test activity of the MBEs, we used FLuc RNA translation reporter assays in an independent cellular system that does not normally express MSI1 but can reconstitute MSI-dependent repression upon ectopic MSI expression. We determined that transfection of MSI1 specifically represses the translation of the FLuc reporter driven by Gnrhr 3 0 -UTR, but a mutant MSI (which is attenuated for RNA binding) does not. Whereas these studies are compelling, they do not provide proof of translational regulation in the pituitary per se. Future studies are planned that address the need to directly assess MSI1 effects on translation of Gnrhr mRNA by polysomal profiling. These studies are beyond the purview of this report, but will be necessary to prove that MSI1 represses translation in the pituitary.
Collectively, the data on MSI1 binding and activity strongly support the hypothesis that this regulatory protein can interact with Gnrhr mRNA as a repressor. Ongoing studies of its expression throughout the estrous cycle are designed to determine if there are cyclic changes in gonadotropes that correlate with this regulatory role.
Our overall hypothesis also states that leptin may permit reproduction and cyclicity by regulating MSI1 function and derepressing the MSI1 target Gnrhr mRNA early in the cycle, thus allowing the translation of GnRHR protein. However, does leptin regulate MSI1 expression and function in gonadotropes? In the present report, we provide data showing that leptin exposure of pituitary pieces and pituitary cells in culture results in changes overall in MSI1 expression as well as changes selective to gonadotropes.
Specifically, leptin caused a substantial reduction in expression of Msi1 mRNA in pituitary pieces from wildtype proestrous female mice. This finding correlates well with the assays showing the higher Msi1 mRNA levels in female mutants lacking leptin signals. Interestingly, we noted a sex-specific difference in the effect of leptin upon expression of Msi1 mRNA in which the male mutants showed no changes in Msi1 mRNA. As discussed previously, our in vitro studies show that higher levels of leptin are needed to affect GnRHR levels in the male, suggesting that the female may be more sensitive to leptin for cyclic regulation of GnRHR. These findings also correlate well with the fact that ablation of LEPR in gonadotropes affects female fertility but not male fertility (14) . This further highlights the need for future studies of normal cycling females to determine if there is cyclic regulation and/or expression of MSI1 in gonadotropes in a pattern that correlates with its proposed regulatory function.
The last group of studies for this report focused on detection of leptin-mediated changes in gonadotropes, with the recognition that the aforementioned changes may include results from leptin regulation of multiple target cells in the anterior pituitary. With the use of dual affinity cytochemistry and immunocytochemistry, we detected a selective reduction in MSI1 in gonadotropes that were both defined and identified by their binding to bio-GnRH. The results were striking because the leptin stimulation brought out increased numbers of black GnRHR-labeled cells that were emptied of the orange label for MSI1 proteins (Fig. 5) . Future studies are needed to determine if this lack of MSI1 labeling reflects degradation of MSI1 during the 3-hour leptin treatment or if it reflects a change in conformation of MSI1 resulting from regulatory phosphorylation that masks it for antibody recognition. These selective studies of gonadotropes show that leptin regulates MSI1 expression specifically in gonadotropes. Although these results are compelling and support the hypothesis, future studies of purified populations of gonadotropes from cycling female mice will be needed to prove that the leptin regulation of MSI1 actually stimulates an increase in GnRHR in this population.
Our findings may thus have uncovered a unique role for MSI in control of adult gonadotrope physiology. Rather than only functioning in stem/progenitor cells, MSI proteins may also exert homeostatic control of differentiated secretory cell lineages. Alternatively, MSI1 may function to maintain gonadotrope progenitor cells, providing a population that can support the turnover in the gonadotrope cell population. Or, MSI1 may serve to alter gonadotrope metabolism. Ongoing studies of selective gonadotrope Msi1 knockouts may provide information about its role in this specific cell population. In addition, although Msi1 and Msi2 are generally considered to function redundantly, it will also be important to characterize MSI2 function (if any) in the adult pituitary in future studies.
To summarize, this report presents evidence that leptin regulates both GnRH binding of, and the expression and function of, an mRNA regulatory protein, MSI1. Our evidence thus far shows that MSI1 binds Gnrhr 3 0 -UTR and represses the translation of the FLuc reporter attached to Gnrhr 3 0 -UTR. Its interaction with endogenous pituitary Gnrhr mRNA is validated by RNA IP studies, which pulled down complexes enriched in endogenous MSI1 protein and Gnrhr mRNA from female pituitaries.
These findings open the door to future studies that will use RNA-sequencing and polysomal profiling in purified gonadotropes to identify and characterize the underlying mechanisms by which leptin exerts mRNA translational regulation of gonadotrope function. Thus, this is the first in a series of planned studies to elucidate the timing of the leptin-mediated changes that permit cyclicity and optimize reproduction. We hypothesize that the transcription and translation of Gnrhr early in the cycle represents an important checkpoint that allows a metabolic signal to intervene in case of nutritional deprivation.
